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Abstract: A composite chiral metamaterial (CCMM) is designed and 
studied both numerically and experimentally. The CCMM is constructed by 
the combination of a continuous metallic wires structure and a purely chiral 
metamaterial (CMM) that consists of conjugated Rosettes. For the CMM, 
only very small, useful bands of negative index can be obtained for 
circularly polarized waves. These bands are all above the chiral resonance 
frequencies because of the high value of the effective parameter of relative 
permittivity ε. After the addition of the continuous metallic wires, which 
provide negative permittivity, the high value of ε can be partially 
compensated. Thus, a negative index band for the left circularly polarized 
wave that is below the chiral resonance frequency is obtained for the 
CCMM. At the same time, a negative index band for the right circularly 
polarized wave that is above the chiral resonance frequency is also obtained. 
Furthermore, both negative index bands correspond to the transmission 
peaks and have high values of the figure of merit. Therefore, the CCMM 
design that is proposed here is more suitable than the CMM for the 
construction of chiral metamaterials with a negative index. 
©2012 Optical Society of America 
OCIS codes: (160.1585) Chiral media; (310.6628) Subwavelength structures, nanostructures; 
(230.5440) Polarization-selective devices. 
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1. Introduction 
Metamaterials are artificially structured materials that can be composed of dielectric elements 
or structured metallic components. Metamaterials may possess electromagnetic properties that 
do not exist in natural materials. Since Smith et al. experimentally demonstrated negative 
index metamaterials (NIMs) [1, 2] and Pendry proposed that a perfect lens can be realized 
with NIMs [3], studies regarding NIMs have attracted much attention and effort from 
scientific researchers [4–6]. Usually, NIMs are obtained by adjusting the permittivity and 
permeability of the metamaterial to be negative simultaneously. Although negative 
permeability can be easily obtained in the microwave frequency range, that is not the case in 
the optical frequency range [7–9]. Recently, it was proposed that a negative index can also be 
achieved alternatively through a chiral route [10, 11], and since then chiral metamaterials 
(CMMs) have attracted much attention. In fact, besides for the negative index, CMMs can 
also possess other interesting properties, such as the giant optical activity and circular 
dichroism, which may find their way into optical applications [12–24]. It is even reported that 
CMMs can be used to tune the Casimir force [25, 26]. In all of these cases, a strong chirality 
is desired. 
A CMM lacks any mirror symmetry, so that there is cross-coupling between the electric 
and magnetic fields at the resonance. Consequently, the degeneracy of the two circularly 
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polarized waves is broken, i.e., right circularly polarized (RCP, +) waves and left circularly 
polarized (LCP, -) waves have different refractive indices. The chirality parameter κ describes 
the strength of the cross-coupling effect, so that the constitutive relations of a chiral medium 
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where ε0 and µ0 are the permittivity and permeability of vacuum. ε and µ are the relative 
permittivity and permeability of the chiral medium. c is the speed of light in vacuum. 
Assuming a time dependence of e-iωt, the RCP ( + ) wave and LCP (-) wave are defined as 
ɵ ɵ
0(1/ 2) ( )E E x i y± = ∓  [27]. The refractive indices for RCP and LCP waves can be expressed 
as n n κ± = ±  [28], where n εµ= . When κ is large enough, either n+  or n−  becomes 
negative. At the same time, both RCP and LCP waves have the same impedance of 
0/ /z z µ ε= , where z0 is the impedance of the vacuum. 
However, when one investigates the negative index CMMs that have been reported so far 
[19–24], it is found that when a large chirality κ is obtained, a large relative permittivity ε (or 
large relative permeability µ) coexists below the frequency of chiral resonances. 
Consequently, the absolute value of chirality κ is always less than n in the frequency range 
below the chiral resonances. Therefore, the negative index can only happen in the frequency 
range above the resonance, where the relative permittivity ε (or relative permeability µ) is very 
low and/or even in the negative region. In this paper, we propose a composite chiral 
metamaterial (CCMM) that consists of chiral components and continuous metallic wires. By 
using continuous metallic wires, the large permittivity below the resonance is compensated 
partially, which makes n become smaller than κ below the frequency of resonance. Therefore, 
a negative index can be realized in the frequency region below the chiral resonances. 
2. The design of the composite chiral metamaterial and the results 
Here, a conjugated Rosettes structure (Fig. 1) is used as the chiral component to obtain 
chirality, and this conjugated Rosettes structure is somewhat similar to the structure reported 
earlier [24]. We select a conjugated structure because it has a relatively large chirality and at 
the same time a relatively weak electric resonance [26]. Figure 1 shows the schematics of the 
construction of the unit cell of the CCMM. The copper conjugated Rosettes and continuous 
wires are patterned on the opposite sides of a Teflon dielectric board with a thickness of 2 
mm. The dielectric constant of the Teflon board is εr = 2.08 with a dielectric loss tangent of 
0.0004. The detailed dimensions of the structure can be found in Fig. 1 and its caption. In 
order to study the effect of additional continuous metallic wires on the CMM structure that 
only consists of conjugated Rosettes, we investigated both the CMM and the CCMM in the 
numerical simulations and experiments. 
The simulation works were carried out by using a commercial software package (CST 
microwave studio), wherein the finite integration technique was applied. During the 
simulations, the periodic boundary conditions were applied to the x and y directions 
(transverse direction), and the absorbing boundary conditions were applied to the z direction 
(propagation direction). In the experiment, we fabricated both the CMM and CCMM 
structures with a dimension of 18 by 18 unit cells. The transmission coefficient was measured 
by an HP-8510C network analyzer with two standard horn antennas. In order to study the 
transmission behaviors of the chiral structures, in our simulation and experimental works, a 
linearly polarized electromagnetic wave (E field in the x direction) is incident on the chiral 
structure. On the other side of the structure, we measured the transmitted field in the x and y 
polarizations (Txx and Tyx). Due to the fourfold rotational symmetry, circular polarization 
conversion is absent. The transmission of circularly polarized waves can be calculated from 
the linear transmission coefficients Txx and Tyx [21, 22], xx yxT T iT± = ± . For the 
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electromagnetic wave transmitted, the polarization azimuth rotation angle θ can be calculated 
as [arg( ) arg( )] / 2T Tθ + −= − . The ellipticity of the transmitted wave is defined as 
arctan[( ) / ( )]T T T Tη + − + −= − +  [27], which also measures circular dichroism. 
 
Fig. 1. The schematics of the construction of the CCMM by the combination of a CMM and a 
structure of continuous metallic wires, and the dimensions of the designed structure. The 
geometric parameters are given by ax = ay = 19 mm, r = 5.4 mm, θ1 = 120°, θ2 = 15°, w = 1.2 
mm, and d = 3.0 mm. The copper layer has a thickness of 0.03 mm. 
Firstly, we shall show the properties of the CMM that only consists of conjugated 
Rosettes. Figures 2(a) and 2(b) show the simulated and measured transmission spectra for the 
CMM. The transmission spectra of RCP and LCP waves are almost the same. This is because 
the loss of the dielectric material (Teflon) here is very small. For the purpose of a good 
comparison, in Figs. 2(a) and 2(b), we also show the transmission spectra for the structure of 
continuous metallic wires. Figures 2(c)–2(f) show the simulated and experimental results of 
the polarization azimuth rotation angle θ and the ellipticity η. From the above results, it is 
clear that there are two resonances related to the chirality. One resonance happens at the 
frequency f = 4.23 GHz, which corresponds to a narrow high transmission band. The other 
resonance is at f = 7.82 GHz, which corresponds to a wide band gap. Due to the low loss of 
the Teflon material, the ellipticity η of the transmitted wave is very small. η remains less than 
1.5 degree in the whole frequency range. For a linearly polarized incident wave, the 
transmitted wave is still highly linearly polarized over the whole frequency range but with a 
rotated angle θ. The azimuth rotation angle θ is as large as 88 degrees at 4.23 GHz, which 
means that the rotation angle θ per wavelength reaches more than 3000°/λ. 
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 Fig. 2. Simulation and experimental results for the CMM and the structure of metallic wires. (a) 
and (b) show the transmission spectra of RCP and LCP waves for the CMM and the structure 
of metallic wires. (c), (d), (e), and (f) show the polarization azimuth rotation angle θ and the 
ellipticity angle η of the transmitted wave when a linearly polarized wave is incident on the 
CMM. 
 
Fig. 3. The retrieved effective parameters of the CMM and the structure of metallic wires based 
on the simulation and experimental data. (a) and (b) are the real parts of the refractive index n 
and chirality κ. (c) and (d) are the real parts of the relative permittivity ε of the CMM and the 
structure of metallic wires. (e) and (f) are the real parts of the relative permeability µ of the 
CMM. 
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 Fig. 4. The retrieved effective parameters of the CMM based on the simulation and 
experimental data. (a), (b), (c), and (d) are the real and imaginary parts of the refractive index 
of RCP and LCP waves. The shadowed regions show the negative index bands with small 
imaginary parts and, therefore, are suitable for the construction of bulk chiral metamaterials 
with a negative index. (e) and (f) show the impedance z. 
Figures 3 and 4 show the retrieved effective parameters (the real parts of n, κ, ε, µ, and the 
real and imaginary parts of n+, n- and the impedance of z) based on the simulated and 
experimental data of the transmission and reflection for one layer of the CMM [24, 29, 30]. In 
the retrieval process, the effective thickness of the CMM is assumed to be 3.0 mm along the 
wave propagation direction. From Figs. 3(a) and 3(b), it is clear that n remains positive over 
the whole frequency range. However, it is seen from Figs. 4(a)–4(d), due to the relation of 
n n κ± = ± , the strong chirality κ (in Fig. 3) can push the refractive index of an RCP (LCP) 
wave to be negative above the resonant frequency of 7.82 (4.23) GHz. Nevertheless, as we 
have pointed out earlier, below the resonant frequencies, due to the high value of ε and/or µ, 
the absolute value of κ is less than n. Therefore, one cannot obtain a negative index below the 
resonant frequencies. Furthermore, in the regions just above the frequency of the chiral 
resonances, both n+ and n- possess a high value of imaginary parts. Therefore, the figure of 
merit [-Re(n)/Im(n)] of the negative refractive index deteriorates in these regions. Only those 
small regions that are indicated by shadowed regions in Figs. 4(a)–4(d) can be useful in the 
construction of negative index chiral metamaterials. For the RCP wave, this useful negative 
index band is from 9.56 to 9.71 GHz, and the maximum figure of merit is 8.4. For the LCP 
wave, the useful negative index band is from 4.42 to 4.53 GHz, and the maximum figure of 
merit reaches 6.6. 
In Fig. 3(c) and 3(d), we also show the effective parameter of ε for the purely metallic wire 
structure. It is clear that in the whole frequency range, ε remains negative. By adding this 
structure of continuous metallic wires to the original CMM, we constructed the CCMM, as 
shown in Fig. 1. Figures 5(a) and 5(b) show the simulated and measured transmission spectra 
for the CCMM. The transmission spectra of RCP and LCP waves are again almost the same 
due to the low loss of the dielectric material (Teflon). Figures 5(c)–5(f) show the simulated 
and experimental results of the polarization azimuth rotation angle θ and the ellipticity η. 
There are two resonances on the curve of the chirality. One happens at the frequency f = 5.36 
GHz. Below and above this frequency, there are two high transmission peaks (peak 1 centered 
at f = 5.16 GHz, and peak 2 centered at f = 6.20 GHz). The other resonance is at f = 8.70 GHz, 
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which corresponds to a big band gap. Consequently, the resonance at f = 5.36 GHz should be 
more useful for the construction of chiral metamaterials. 
 
Fig. 5. Simulation and experimental results for the CCMM. (a) and (b) show the transmission 
spectra of RCP and LCP. (c), (d), (e), and (f) show the polarization azimuth rotation angle θ 
and the ellipticity angle η of the transmitted wave when a linearly polarized wave is incident on 
the CCMM. 
 
Fig. 6. The retrieved effective parameters of the CCMM based on the simulation and 
experimental data. (a) and (b) are the real parts of the refractive index n and chirality κ. (c) and 
(d) are the real parts of the relative permittivity ε. (e) and (f) are the real parts of the relative 
permeability µ. 
In comparing with Figs. 2(c) and 2(d), the polarization azimuth rotation angle θ in 
Figs. 5(c) and 5(d) at the lower frequency resonance is reversed. The ellipticity η is still small. 
η remains less than 1 degree in the whole frequency range except for the frequency range 
around the higher frequency resonance. 
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 Fig. 7. The retrieved effective parameters of the CCMM based on the simulation and 
experimental data. (a), (b), (c), and (d) are the real and imaginary parts of the refractive index 
of RCP and LCP waves. The shadowed regions show the negative index bands with small 
imaginary parts and, therefore, are suitable for the construction of bulk chiral metamaterials 
with a negative index. (e) and (f) show the impedance z. 
Figures 6 and 7 show the retrieved effective parameters (the real parts of n, κ, ε, µ, and the 
real and imaginary parts of n+, n- and the impedance of z) based on the simulated and 
experimental data of the transmission and reflection for one layer of the CCMM. In the 
retrieval process, the effective thickness of the CCMM is assumed to be the same (3.0 mm) as 
that of the CMM. From Figs. 6(a) and 6(b), it is clear that above the lower frequency 
resonance (f = 5.36 GHz), there is a region from 5.36 to 5.58 GHz where n is negative. 
Moreover, there is a big difference between Fig. 6(a) and Fig. 3(a). Below the frequency of 
resonance (f = 5.36 GHz), κ is larger than n in the absolute values in Fig. 6(a). This is not the 
case in Fig. 3(a). From Figs. 6(c) and 6(d), it is also seen that due to the existence of the 
continuous metallic wires, there exists a plasmonic frequency f = 5.13 GHz below which ε is 
negative. Since the resonance at f = 8.70 GHz corresponds to a big band gap, the frequency 
range around there is not suitable for the construction of chiral metamaterials. Therefore, in 
the following, we will concentrate on the properties around the lower frequency resonance at f 
= 5.36 GHz, as shown in Fig. 7. Comparing Figs. 6(a) and 6(b) with Figs. 7(a) and 7(b), it is 
seen that, due to the relation of n n κ+ = + , the strong chirality κ makes the originally negative 
index band of the RCP wave wider and deeper above the resonant frequency of 5.36 GHz. In 
the frequency range from 5.36 to 5.58 GHz, the maximum figure of merit can reach more than 
50. In the frequency range from 5.58 to 6.17 GHz, the CCMM meets a small forbidden band 
[as can be also seen from the impedance data of Figs. 7(e) and 7(f)], and the figure of merit 
becomes lower. In the frequency range from 6.17 to 6.25 GHz, the CCMM has small negative 
index values, and this band corresponds to the transmission peak 2 centered at f = 6.20 GHz 
(Fig. 5). Now let us discuss the case of the LCP wave. Comparing Figs. 6(a) and 6(b) with 
Figs. 7(c) and 7(d), it is seen that, due to the relation of n n κ− = − , the strong chirality κ has 
pushed the refractive index of the LCP wave from positive to negative values below the 
frequency of 5.29 GHz. Consequently, the LCP wave has a negative index band from the 
plasmonic frequency 5.13 GHz to 5.29 GHz. In this negative index band, the maximum figure 
of merit reaches 18, and this band corresponds to the transmission peak 1 centered at f = 5.16 
GHz (Fig. 5). The figure of merit obtained here for the CCMM is remarkably higher than 
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those chiral metamaterials reported earlier [19–24] even when the lossy properties of the 
dielectric layer are taken into account. Those negative index bands with high values of the 
figure of merit are indicated with shadowed regions in Figs. 7(a)–7(d), and these bands can be 
useful in the construction of negative index chiral metamaterials. The above situation 
(negative index is obtained below the chiral resonant frequency) of the CCMM is somewhat 
similar to that of the complementary chiral metamaterials we studied very recently [31]. 
3. Discussions 
If one compares Figs. 2(c) and 2(d) with Figs. 5(c) and 5(d), it can be found that besides for 
the reverse of the θ around the lower frequency resonance, the frequencies of both chiral 
resonances of the CCMM are shifted to higher frequencies compared to that of the CMM. In 
the following, we will discuss these two phenomena briefly. 
The reverse of the θ around the lower frequency resonance can be understood qualitatively 
as the following. For both the CMM and CCMM, the RCP and LCP waves are the eigenwave 
functions. For the CMM, below (above) the lower frequency resonance, the refractive index 
of the RCP wave is smaller (larger) than that of the LCP wave. This results in the phase 
difference of the transmitted RCP and LCP waves. According to the formula 
[arg( ) arg( )] / 2T Tθ + −= − , one obtains negative (positive) values of θ below (above) the 
lower frequency resonance of the CMM. Then, by adding the continuous metallic wires 
structure, we constructed the CCMM. Due to the addition of the continuous metallic wires, the 
κ curve changes from antiresonant shape to resonant shape around the lower frequency 
resonance of chirality. Consequently, below (above) the lower frequency resonance of 
CCMM, the refractive index of RCP wave is now larger (smaller) than that of LCP wave. As a 
result, one obtains positive (negative) values of θ below (above) the lower frequency 
resonance of the CCMM. Nevertheless, this situation does not happen around the resonances 
of higher frequencies and, therefore, the θ remains the same direction for the CMM and 
CCMM here. 
 
Fig. 8. The simulation results of the transmission spectra Tyx for the CMM and CCMM around 
the chiral resonance of lower frequency. 
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 Fig. 9. The current distributions driven by the linear incident wave polarized in the x direction. 
(a) corresponds to the transmission peak of Tyx for the CMM (Fig. 8). (b) and (c) correspond to 
the transmission peaks of Tyx for the CCMM at lower and higher frequencies (Fig. 8), 
respectively. Those current flows with relatively larger strength are indicated by the blue and 
black arrows. The solid (dotted) arrows represent the currents on the front (back) copper layer. 
The thickness of the blue and black arrows represents approximately the relative current 
strength. 
In order to understand the phenomenon of blue shift of the resonances, we now study the 
current modes for the chiral resonances for both the CMM and CCMM. Since the higher 
frequency resonance in CCMM corresponds to a big band gap, for practical purposes we only 
discuss the current modes around the lower frequency resonances in the following. Figure 8 
shows the simulation results of the transmission spectra of Tyx for both the CMM and CCMM 
around the lower frequency resonances. It can be seen that, for the curve of the CMM, there is 
only one transmission peak that corresponds to the transmission peak of the RCP and LCP 
waves [shown in Fig. 2(a)]. However, for the curve of the CCMM, there are two transmission 
peaks that correspond to the two transmission peaks of the RCP and LCP waves [shown in 
Fig. 5(a)]. Figure 9(a) shows the current distributions of the CMM driven by an incident wave 
linearly polarized in the x direction at the frequency of the Tyx transmission peak (see Fig. 8). 
Figures 9(b) and 9(c) show the current distributions of the CCMM driven by the same incident 
wave at the frequencies of the lower and higher Tyx transmission peaks (see Fig. 8), 
respectively. Those current flows with relatively larger strength are indicated by the blue and 
black arrows. The solid (dotted) arrows represent the currents on the front (back) copper layer. 
The thickness of the blue and black arrows represents approximately the relative current 
strength. The current flows of the CCMM are much more complicated than that of the CMM. 
Comparing Figs. 9(b) and 9(c) with 9(a), it is seen that, besides for the basic current flows 
(blue lines) in the conjugated Rosettes, there are other current flows (black lines) due to the 
existence of the continuous metallic wires. These new current flows also result from the 
inductance-capacitance (LC) resonance. The coupling between the basic resonances of the 
conjugated Rosettes and the new LC resonances results in the two transmission peaks on the 
curve of Tyx for the CCMM. It is noteworthy that the coupling mechanism here includes 
inductive coupling as well as conductive coupling [32]. Due to these current coupling effects, 
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the resulted chiral resonances of the CCMM are shifted to higher frequencies compared to that 
of the CMM. 
4. Conclusions 
In conclusion, we have designed and studied a CCMM both numerically and experimentally. 
The CCMM is composed of a continuous metallic wires structure and a CMM structure that 
consists of conjugated Rosettes. For the CMM, only a very small useful band of negative 
index above the chiral resonances can be obtained because of the high value of the effective 
parameter ε. After the addition of the continuous metallic wires, which provides negative 
permittivity, the high value of the effective parameter ε can be partially compensated. Thus, a 
negative index band for the LCP wave is obtained below the chiral resonance for the CCMM. 
At the same time, a negative index band for the right circularly polarized wave that is above 
the chiral resonance frequency is also obtained. Furthermore, both negative index bands 
correspond to the transmission peaks and have high values of the figure of merit. Therefore, 
the CCMM proposed here is more suitable for the construction of negative index chiral 
metamaterials. 
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